Abstract PN-specific, absolute, and Chl a-specific nitrate uptake rates were measured during two upwelling seasons and one winter off Oregon. Although PN-specific and absolute uptake rates showed no dependence on nitrate concentration, Michaelis-Menten kinetics applied when the uptake rates were normalized to Chl a. Chl a-specific nitrate uptake rates were saturated when nitrate concentrations were > 5 PM. Uptake rates decreased in response to either low nitrate concentrations or when extremely high phytoplankton biomass caused shading. PN-and Chl a-specific uptake rates were similar when Chl a concentrations were ~-4 pg liter-l and phytoplankton N comprised most of the PN (particulate organic N) pool. When Chl a was ~4 pg liter-', however, phytoplankton N accounted for only 20-30% of the PN, and estimated phytoplankton-specific uptake was S-fold greater than PN-specific uptake rates. These results suggest that observed temporal changes in PN-specific nitrate uptake rates reflect variations in phytoplankton biomass rather than changes in phytoplankton-specific activity.
In coastal upwelling regimes the distribution of biomass and primary production are strongly influenced by the combined effects of physical and biological processes. Small and Menzies (198 1) recognized that phytoplankton biomass and primary production patterns were related to the strength of an upwelling event and the subsequent aging of the upwelled water. Later, MacIsaac et al. (1985) suggested that temporal changes observed in nitrate uptake rates were due to physiological adjustments of the phytoplankton to their environment. They described a productivity cycle consisting of four zones of physiological condition along the axis of an upwelling plume. Similar results obtained during a series of drifter cxpcriments and shipboard incubations led to the conveyor-belt or shift-up hypothesis (Dugdale and Wilkerson 199 1) .
An important tenet of this hypothesis is the existence of a lag period prior to the development of maximu-m uptake rates, presumably a time during which phytoplankton adapt to increased irradiance. Whether phytoplankton in fact adjust their metabolism in response to the upwelling cycle has recently been addressed in a modeling study by Garside (199 1) . Results of this model showed that changes in the particulate organic nitrogen (PN)-specific nitrate uptake rates could be explained by changes in the concentration of phytoplankton N relative to the total PN concentration. A metabolic shift did not have to be invoked to explain temporal changes in uptake rates. As well, a series of 14C experiments performed in the equatorial Pacific found little vertical stratification in the photosynthetic performance of phytoplankton (Cullen et al. 1992) . No evidence was found to indicate that phytoplankton were poorly adapted to the upwelling environment. Conversely, Wilkerson and Dugdale (1992) found a correlation between enhanced nitrate uptake rates and nutrient concentrations on the same water samples as Cullcn et al. (1992) . Until now, no field study has specifically examined the correlation between variations in phytoplankton biomass and changes in PN-specific nitrate uptake rates.
Estimates of primary production obtained by incubating seawater with Hr4C03 are routinely normalized to the Chl a concentration and referred to as the assimilation number. By taking the phytoplankton biomass to account, photosynthesis under saturating light conditions can be compared over different spatial and temporal scales (Harrison and Platt 1980) . In contrast, N-specific uptake rate measurements are usually normalized to the PN concentration. The PN trapped on filters includes detritus, bacteria, microzooplankton, and mesozooplankton, in addition to phytoplankton (Dugdale and Goering 1967; Dugdale and Wilkerson 199 1) . On many occasions, phytoplankton make up only a small percentage of the planktonic biomass (e.g. Holligan et al. 1984; Kokkinakis and Wheeler 1987) . When this occurs, PN-specific uptake rates can significantly underestimate true phytoplankton-specific activity (Dugdale and Goering 1967) . Only under bloom conditions, when Chl a concentrations and the percentage of phytoplankton N in the PN pool are high, would one expect PN-specific uptake rates to closely approximate phytoplankton-specific uptake rates. Thus, one must account for variations in phytoplankton biomass for valid comparisons of changes or differences in nitro- gen uptake rates. In coastal upwelling regimes this is especially imperative because biomas's and nutrient concentrations undergo large fluctuations.
Off Oregon, wind-driven coastal upwelling is the dominant oceanographic process from May through October (Bakun et al. 1974) . However, upwelling here is intermittent and episodic in nature, in ccntrast to the continuous upwelling off Peru and northwest Africa. As many as four-five major upwelling events can take place each year, in addition to many smaller events (Huyer 1976) . The duration and strength of the winds determine the degree of upwelling. The Ekman layer in the Oregon upwelling system is relatively thin due to the weak wind stress (Lentz 1992) . Estimates of the thickness of this layer during the upwelling season range from ~5 m (Peterson et al. 1979) to -2 m (Lentz 1992) . The source water that replaces the surface layer typically comes from 20-35 km offshore and from depths between 100 and 200 m (Huyer 1976) . This deep water is characterized by nitrate concentrations between 15 and 25 PM (Small and Menzies 1981) .
To date, probably the most complete picture of the nitrogen dynamics during the development of a phytoplankton plume off Oregon has come from the coupling of a numerical model of upwelling circulation with a model of primary production (Wroblewski 1977) . High concentrations of nitrate are introduced into the euphotic zone by an upwelling event and assimilated by the phytoplankton. Initially, phytoplankton use of the nitrate is low due to the low autotrophic biomass and their brief residence time in the euphotic zone. As the phytoplankton are advected offshore, stabilization of the water by surface warming occurs and results in a nutrient-rich, well-lit environment. Such conditions are conducive to massive accumulations of plant biomass (i.e. an upwelling bloom) and extremely high levels of primary production. Subsequent relaxation of the wind reduces the rate of upwelling and eventually leads to depletion of nitrate in the surface layers and lower primary production rates. The cessation of upwelling ultimately results in the decay of the phytoplankton bloom, also referred to as a postbloom event.
In an effort to expand our knowledge of the environmental factors regulating nitrate use in coastal upwelling systems, we performed a series of nitrate uptake experiments at a site off Oregon. This location was sampled repeatedly over two upwelling seasons and one winter. WC used the results from our studies of the nitrogen dynamics in these waters to examine the relative roles that nitrate availability and phytoplankton biomass play in determining nitrate uptake rates. We show the utility of normalizing nitrate uptake rates to the Chl a concentration to estimate phytoplankton-specific uptake rates and to compare nitrate use by phytoplankton from various coastal upwelling and oceanic regimes.
Materials and methods
Sample collection -A site located 8 km off the Oregon coast (44"40'N, 124'4O'W) was sampled from July 1990 until August 1991. During the upwelling season (MayOctober) sampling was carried out every 2 weeks when possible. Winter sampling was conducted when weather permitted (days 347 and 387; Table 1 ). Water was collected between 0800 and 0900 hours from six depths (0, 8, 12, 20, 25 , and 40 m) with 5-liter Niskin bottles. The water was immediately placed in acid-washed polypropylene carboys and transported to shore in containers filled with surface seawater to keep the samples at ambient temperature. Once on shore, the water was mixed by gently inverting the carboys several times before samples were drawn. Conductivity, temperature, and pressure data were collected with an Ocean Sensors 100 CTD. All experimental work was carried out at the Hatfield Marine Science Center, Oregon State University, Newport, Oregon.
15N additions -Trace amounts (m 10% of the ambient N03-concentration) ofNa15N0, (98.9 atom%, MSD Isotopes) or 0.1 PM (final concn) of (' 5NH&S04 (99.0 atom%, MSD Isotopes) were added to the collected water in 1 -liter Nalgene polycarbonate bottles. Once spiked with label, the bottles were placed in an environmental chamber simulating ambient seawater temperatures (-8-l OOC) and saturating light conditions (N 3 x 1 020 quanta s-l m-2). Bottles from the lower five depths were placed in bags made of neutral density screening to simulate light levels of 50, 30, 15, 5, and 1% of saturated irradiance. Incubations lasted from 4 to 6 h. At the end of the incubation period, samples were filtered under low vacuum pressure (< 180 mm of Hg) onto combusted 47-mm Whatman GF/F filters. The filters were frozen and then dried at 60°C for 24 h. Dried filters were prepared for emission spectrometry following the micro-Dumas dry combustion method, and analyzed for 15N incorporation into particulate matter with a Jasco N-l 50 emission spectrometer (Wheeler and Kirchman 1986) . Ammonium uptake rates were corrected for isotope dilution with the methods described by Wheeler et al. (1989) . The equations of Dugdale and Goering (1967) were used to calculate PN-specific (V') and absolute (p) uptake rates. Chl a-specific uptake rates were calculated by dividing p by the Chl a concentration. In this paper, we denote PNspecific nitrate uptake rates as pNsJ (units, h-l) , absolute nitrate uptake rates as PNo3 (units, nmol liter-* h -'), Chl a-specific nitrate uptake rates as vN$j, (units, nm01 Pg-I h I) and Chl a-specific nitrogen uptake rates (i.e. nitrate plus ammonium uptake) as V$t,!,, (units, nmol pg-' h-l).
Biomass and nutrient concentrations-Initial and final seawater samples were taken from the uptake experiments and stored frozen until analyzed for [NOz-+ N03-] and [NO,-] with a Technicon II AutoAnalyzer and the protocols of Whitledge et al. (1986) . Samples were not filtered before storage and analysis. Ammonium concentrations were measured manually in triplicate within 1 h of collection with the phenolhypochlorite method (Solbrzano 1969) .
The Chl a concentration was determined for each depth by filtering duplicate 100 ml aliquots of seawater onto combusted 25-mm Whatman GF/F filters. Filters were extracted in 90% acetone at 4°C in the dark for 24 h and measured with a Turner Designs 10 fluorometer. The fluorometer was calibrated with a primary standard of pure Chl a (i.e. Anacystis nidulans) and with daily working standards of coproporphyrin I (from Sigma Chemical Co.). The instrument was zeroed with extracted filter blanks and 90% acetone blanks. PN concentrations were determined by filtering 500-1,000 ml of seawater onto a combusted 25-mm Whatman GF/F filter, freezing the filter, and then drying it at 60°C for 24 h. A persulfate digestion converted the PN to N03- (Grasshoff et al. 1983) , which was then measured with a Technicon II AutoAnalyzer (Whitledge et al. 1986 ).
The percentage of phytoplankton N in the PN pool was estimated for each sampling period from regressions of PN and Chl a concentrations. The intercept of the regression (i.e. the PN concentration when Chl a was 0 pg liter-i) was taken as the amount of nonphytoplankton N and subtracted from the total PN concentration to estimate the concentration of phytoplankton N. For these regressions, the mean r2 = 0.80f0.07 (+ SE, n = 10). On three occasions (days 233, 248, and 569) we could not estimate nonphytoplankton N by the regression method due to negative intercepts. For these cases, a Chl a : cell N value of 2.25 pg Chl a pmol N-l, based on culture studies of diatoms (Chan 1980) , was assumed. For all the data, except day 347, the average inverse of the slope obtained from our regression analyses was 2.19 +0.45 pg Chl a pmol N-l.
Criteria used to characterize up welling state-Neuer (1992) used the mean weekly wind data collected at Newport, Oregon, to calculate the Bakun upwelling index (Bakun et al. 1974) for the physical characterization of the upwelling conditions during this sampling. Upwelling-favorable winds were present during 6 of the 11 sample days during the upwelling season (Table 1) . However, the Bakun index is a broadscale, slow responding parameter for the assessment of upwelling status (Small and Menzies 198 1) . Consequently, we used the surface nitrate and Chl a concentrations for a more accurate biological characterization of the upwelling status (Table 1) . High nitrate and low Chl a concentrations on days 19 1 and 55 5 indicate active upwelling conditions. Moderate nitrate and high Chl a indicated the occurrence of phytoplankton blooms on days 205,2 19,284, and 569. On day 597, high Chl a and low nitrate suggested that a phytoplankton bloom had recently depleted surface nitrate. The remaining 4 d during the upwelling season were characterized by very low nitrate (< 1 PM) and low Chl a concentrations and these days are designated as postbloom conditions.
Results
Physical structure of the water column -Contours of temperature, salinity, and density (a,) are shown in Fig. l A-C. The transport of cold water (8.5"C) from depth to the euphotic zone and its subsequent warming was evident during both upwelling seasons (Fig. 1 A) . Particularly strong warming of the water down to 16 m was observed on day 233, marking a relaxation event. Increased stratification of the upper 8 m began before the end of the upwelling season and remained that way throughout winter due to the presence of low-salinity water (Fig. 1B) . Off the central Oregon coast, salinities of 132.5 psu characterize water originating in the Columbia River (Atlas et al. 1977) ; however, during winter months the effluent from the Columbia River is restricted to the Washington coast. Therefore, the numerous small rivers found along the Oregon coast are the most likely source of this freshwater (Huyer 1977) .
Nitrate and biomass concentrations-A wide range of N03-, Chl a, and PN concentrations were observed at the study site ( Fig. 2A-C) . Nitrate concentrations in the upper 8 m of the water column varied over two orders of magnitude, from 0.2 to 30 PM, during the upwelling season ( Fig. 2A) . Highest [NO,-] indicated recently upwelled water; lower concentrations during the upwelling season indicated bloom and postbloom conditions (Table  1) . During winter, surface [NO,-] was between 5.8 and 8.8 PM and showed little variation with depth. Maximum Chl a concentrations were almost always found at either 0 or 8 m and decreased with depth. Surface Chl a concentrations ranged from 1 to 57 pg liter-' during the upwelling season (Fig. 2B , Table 2 ). The lowest Chl a concentrations were observed during upwelling events, and Chl a concentrations > 10 pg liter-l were used as the criterion to designate bloom conditions (Table 1) . Wintertime concentrations were between 0.5 and 3.0 pg Chl a liter-'. The distribution of [PN] (Fig. 2C ) was similar to that for Chl a, although maximum PN concentrations were sometimes found at 12 m. These patches coincided with postbloom conditions. The highest and lowest PN concentrations were also measured in summer. During upwelling events, PN was between 1 and 4 PM, and during phytoplankton blooms PN concentrations were as high as 17 PM (Table 2) . Wintertime PN concentrations were between 5 and 9 PM. Relatively high1 Chl a and PN concentrations observed in the upper 8 m on day 387 suggest a winter bloom, possibly a result of ncreased water-column stability due to the presence of low-salinity water (Fig. 1B) .
The percentage of phytoplankton N in the PN pool it was common for phytoplankton to make up 50% of the PN pool at those depths. Usually only 20% of the PN pool was comprised of phytoplankton N in winter, although increases in Chl a and PN concentrations on day 387 resulted in phytoplankton accounting for 60-85% of the PN pool.
Comparison of nitrate uptake rates-PN-specific, absolute, and Chl a-specific nitrate uptake rates were highest in the surface layer (O-8 m) and decreased with depth due to lower irradiances (Fig. 4) . The vertical and temporal distributions of PNo3 values in the water column were similar to VP& values (Fig. 4A,B) . This was to be expected, because PNo3 values are calculated by multiplying each vN& value by its PN concentration (Dugdale and Goering 1967) . Relatively high pNg3 and PNo3 uptake rates were measured throughout the upwelling cycle at 0 or 8 m. The highest absolute uptake rates were measured in the upwelling season during phytoplankton blooms when biomass concentrations were highest; lower rates coincided with upwelling events, postbloom conditions, and winter when low Chl a concentrations were encountered. High PN-specific and absolute uptake rates in the upper water column coincided with times when the percentage of phytoplankton N in the PN pool was -80% (Fig. 3) . Subsurface maxima were observed in vN$!& values in postbloom periods when N03-had been depleted from the surface water (days 233 and 54 l), as well as during strong upwelling.
Elevated V$& uptake rates were measured on days 19 1, 205, 219, and 284 at 40 m and day 541 from 20 to 40 m (Fig. 4C) . Some of these high rates were also apparent in the 40 m pN& and PNo3 data. Such elevated rates were primarily associated with blooms and postbloom events (Fig. 4A-C) . We do not know whether those conditions were conducive for significant amounts of autotrophic biomass to sink to deeper parts of the water column (Figs. 2B and 3) or if advective processes upstream of our site were responsible.
The relationship between pNz3 and Chl a in O-m water is shown in Fig. 5A . A dashed line shows that for a majority of the samplings, uptake rates were a function of [Chl a]. Three points that deviated from the relationship are labeled on the plot and their significance is addressed below. A linear relationship was also found between PNo3 and the [Chl a] for most of the samplings (Fig. 5B) .
No relationship was found between pN& and PNo3 and ambient [NO,-] (Fig. 6A,B found between uptake rates and ambient [NO3 -1, when those uptake rates were normalized to [Chl a] (Fig. 6C) . When V$$3 values were plotted as a function of [NO,-], a Michaelis-Menton relationship emerged. The hypcrbolic curve in Fig. 6C was drawn using the MichaelisMentcn equation with coefficients (V,,, = 26.04 nmol pg-l h-l and KS = 1.26 PM) determined from a nonlinear least-squares fit of the data (Press et al. 1989 ). The goodness of fit was highly significant (x2 = 15 5.5, 10 df, P < 0.005). The K, value determined in this study is similar to others reported from studies of neritic diatoms in culture (Eppley et al. 1969 ) and the field.
Deviations from the relationships shown in Figs. 5 and 6 are instructive in showing how ambient [NO,-] and [Chl a] interacted in regulating nitrate uptake rates. The highest VP& value measured came from a parcel of freshly upwelled water on day 555; labeled No. 1, Chl a = 4 pg liter-', [NO,-] = 24.7 PM. Once the pN& value of No. 1 was converted to PNo3, its uptake rate was consistent with that of other samples with a low [Chl a]. Our data indicated that higher and nearly constant FN& values characterized uptake rates when [NO,-] values were 2 5 PM, even in parcels of recently upwelled water. Conversely, lower uptake rates were either found in water with large accumulations of biomass or low [NO,-] . Shading of the phytoplankton probably reduced uptake rates on day 569 (labeled No. 2), even though N03-was the Chl a-specific rates to phytoplankton-N specific rates using the mean Chl a : cell N for phytoplankton in these coastal waters (Table 3) . We expected phytoplankton-N specific rates to exceed PN-specific rates when Chl a was low and phytoplankton contributed < 50% to the PN pool. Indeed, we found that phytoplankton-specific rates were 5-fold greater than PN-specific rates when Chl a was ~4 pg liter-l (Table 3) . Conversely, we expected the two rates to be similar when phytoplankton dominated the plankton, and we found no significant difference between phy- and PN-specific rates when Chl a was 24 pg liter-1 (Table 3) . These results clearly show that PN-specific uptake rates cannot be interpreted as phytoplankton-specific rates unless the dominance of the PN pool by phytoplankton is also verified.
An Although some variations in PN-specific rates may be correlated to [NO,-] , mean nitrate concentrations from 0 to 8 m in 199 1 were only 20% higher than those in 1990. This small change in [NO,-] is not enough to account for the 2-fold change observed in PN-specific rates. Vi& values were practically the same during the two upwelling seasons and winter, and mean values of PNo3 were not statistically different between upwelling seasons (Table 4) . One advantage of normalizing uptake rates to Chl a was a reduction in the amount of variability around the mean. The coefficient of variation (C.V.) associated with FNg3 values was 44% vs. 88% for pN&' and 148% for PN03. The C.V. values of VP& and FNg, were significantly different from that of PN03 at the 95 and 99.9% levels, respectively; VP& and FN& differed from each other at the 98% significance level (Sokal and Rohlf 198 1) .
Comparison of coastal and oceanic upwelling regionsWe compared F$$j, values for other coastal upwelling regions with our data from Oregon to see whether the same relationships existed in other N03--rich waters (Tablc 5). Saturated l+N& values from various coastal upwelling systems were not different from those obtained off Oregon and ranged from 24 to 36 nmol bg-' h-l. In addition, we compared N03-uptake rates obtained off Oregon to those from oceanic HNLC (high nutrient, low chlorophyll) regions characterized by high surface water h-' in HNLC regions; in Oregon the range was from 10 to 1,292 nmol liter-' h-l (Table 6 ). The large difference between coastal upwelling and HNLC uptake rates was diminished when the data were normalized to [Chl a].
FN& values for the HNLC regions were similar to the minimum seen off Oregon. We found about a 2-fold difference between Chl a-normalized N03-uptake rates between those ecosystems, but not the order of magnitude difference reported by Dugdalc and Wilkerson (1991) . Considering both NH4+ and N03-uptake, however, indicates identical average Chl a-specific N uptake rates (G:,!J of 33 nmol pg-' h-l for these waters (Table 6 ).
Discussion
The major difficulty in calculating phytoplankton-specific N uptake rates lies in not being able to directly measure phytoplankton N concentrations (Banse 1977) . Phytoplankton N concentrations can be estimated either by using Chl a : cell N ratios from the IGterature or by estimating the amount of nonphytoplankton N by regression analysis of measured PN and Chl a concentrations. Neither approach is without problems. For instance, the use of Chl a as an estimator of phytoplankton biomass has been criticized due to changes in the amount of Chl a per cell that can take place in response to changes in the local light field (Cullen 1982) . Chl a concerltrations per cell and Chl a : cell N values can vary between taxonomic groups (Eppley et al. 1977 ) and can be afl?:cted by changes in irradiance (Cullen and Lewis 1988) and possibly nutrition. However, because diatoms pholoadapt to local light Table 5 . A comparison of Chl a-specllfic nitrate uptake rates in four coastal upwelling regions under #saturating nitrate concentrations (i.e. 25 PM). Mean k SE. Tkerson and Dugdale 1987. t Dugdale and Wilkerson 1986 . $. Probyn 1985. fields in a matter of hours (Riper et al. 1979) , it is unlikely that changes in the amount of Chl a per cell affected our results. Until methods to accurately measure phytoplankton N concentrations becomes available, normalizing uptake rates to [Chl a] is the simplest way to estimate phytoplankton-specific uptake rates. To avoid interpretive problems due to the light dependence of nitrate uptake rates (MacIsaac and Dugdale 1972), we restricted our data set to the surface water when we examined relationships between the various uptake rates and biomass-nutrient concentrations.
Phytoplankton standing stocks have been found to vary significantly over small temporal and spatial scales. A comprehensive study of the distribution of planktonic biomass in the English Channel by Holligan et al. (1984) found phytoplankton C accounted for 4-77% of the total particulate organic C pool. When phytoplankton C was low, the proportion of organic C in the form of bacteria, protozoa, microzooplankton, and mesozooplankton was significantly higher. At our study site off Oregon, we estimated that phytoplankton N at times accounted for between < 10 and 95% of the total PN pool. Kokkinakis and Wheeler (1987) (Table 3) showed that the data fell into two distinct and separate groups. The difference between the two rate measurements was largest when Chl a concentrations were low and phytoplankton N was a minor constituent of the PN pool. Conversely, PN-specific and Chl a-specific N03-uptake rates were similar when Chl a concentrations were ~4 pg liter-l and phytoplankton N made up at least 70% of the PN pool. Results reported by Dugdale and Wilkerson (199 1) for a variety of coastal upwelling regimes suggested that maximum pN& values increase linearly as a function of the maximum [NO,-] (their figure 2) . In contrast to these results, our data showed that there was no clear relationship between either pNz3 or PNo3 and the ambient [NO3 -1.
Instead, our N03-uptake rates were related to [Chl a].
Chl a-specific nitrate uptake rates were only a function of the [NO,-] when ambient concentrations were < 5 PM. LeBouteiller (1986) also found that NO3 -uptake rates were strongly related to [Chl a] in the equatorial Atlantic, although the [NO,-] at which uptake rates were saturated was only 0.2 PM, compared to 5 PM at our coastal site. Dugdale and Wilkerson (199 1) also noted the presence of an intercept at 6 PM when maximum pf;No, values were Glibert et al. 1982; Rijnner et al. 1983 . "r Murray et al. 1989 P rice et al. 199 1; Dugdale 1992. $ Wheeler and Kokkinakis 1990 . 0 This study.
plotted against maximum [NO,-] (their figure 2) and refer to this as the "critical nitrate point." They suggested that this is the minimum [NO,-] required for a phytoplankton bloom to develop. From the analysis of our data, we suggest that the critical nitrate point is in fact the [NO,-] at which uptake rates become saturated in coastal upwelling ecosystems. Based on our FNg3 results (Fig. 6C ) and the similarity of FNg, values in various upwelling systems (Table 5) , we suspect that if the I'& data of Dugdale and Wilkerson were normalized to Chl a and plotted against [NO,-], a hyperbolic relationship would also be found, although they did not have uptake rate data when [NO,-] was 57 PM.
The results of our field study suggest that temporal changes in vpNNo3 values can be explained by changes in phytoplankton biomass (Garside 199 (Dugdale et al. 1990) , and also occurred when the phytoplankton biomass reached extremely high concentrations.
The phytoplankton assemblage seemed to be adapted to local conditions even during upwelling events. The highest ambient [NO,-] values measured in the surface water, 22 and 25 PM, were consistent with concentrations reported by Small and Menzies (198 1) at the same site under active upwelling conditions. Our intermediate and high [NO,-] values were similar to those used by Dugdale and Wilkerson (1991) to characterize intermediate and strong upwelling conditions and to simulate newly upwelled conditions. Thus, we believe that our uptake results for samples at the highest [NO,-] were representative of newly upwelled phytoplankton Unless the phytoplankton were able to physiologically adapt over the brief incubation period (4-6 h), no evidence was found to suggest the presence of a lag period before the onset of maximum uptake rates.
High nitrate uptake rates were occasionally measured at depths between 25 and 40 m. Several lines of evidence suggest that bacteria, and not phytoplankton, may have been responsible. Low Chl a : PN values (Kokkinakis and Wheeler 1987; Dortch and Packard 1989) and percentages of phytoplankton N indicate that a heterotrophic community dominated at depth. Extremely low 14C assimilation rates were routinely measured from 25 to 40 m (Dickson 1994 ) and unrealistically high phytoplankton growth rates calculated for those depths suggest that there may have been bacterial use of N03-. Although work to date has shown that heterotrophic bacteria primarily use NH4+ as a nitrogen source (Wheeler and Kirchman 1986 ), N03-assimilation by bacteria has been demonstrated (Kirchman et al. 1990 ) and inferred (Cochlan et al. 199 1) . The mechanisms or processes that may have been responsible for triggering such high assimilation rates of nitrate at depth are unknown.
Similar Fig3 values were found for a variety of coastal upwelling regimes over a broad range of Chl a and NO,-concentrations. New production rates in these ecosystems seemed to bc a function of the phytoplankton biomass and the ambient [NO,-] when the latter were below saturating levels. Hayward and Venrick (1982) found a linear relationship between integrated Chl a concentrations and integrated total primary production, and LeBouteiller (1986) found that integrated new production was a function of the integrated phytoplankton biomass. If similar relationships exist in other coastal upwelling regimes, we may eventually be able to estimate new production by accurately knowing [Chl a] (LeBouteiller 1986) and [NO,-] determined from remotely sensed sea surface-temperature data (Sathyendranath et al. 199 1) .
Comparison of Chl a-specific N uptake rates in coastal and HNLC oceanic waters indicated that the major difference between them was the form of nitrogen used (i.e. nitrate vs. ammonium), rather than phytoplankton-specific N uptake rates. High nitrogen uptake rates in both coastal and HNLC waters implies high growth rates. Measurements of photosynthetic activj ty, pigment-specific rates of labeling, and dilution experiments suggest that phytoplankton growth rates are high in HNLC regions. Growth rates have been estimated lo be about one biomass doubling per day in the cquat orial Pacific (Cullen et al. 1992 ) and the subarctic Pacific: (Booth et al. 1988) . These rates are comparable to growth rates off Oregon (Kokkinakis and Wheeler 1987; Dickson 1994 ). High growth rates in coastal upwelling regimes are primarily supported by nitrate assimilation during upwelling-induced phytoplankton blooms. Conversely, high growth rates are also maintained by ammonium use between upwelling events and during winter months (Dickson 1994) and at all times in HNLC regions (Wheeler and Kokkinakis 1990; Pefia et al. 1992:) . These findings indicate that healthy phytoplankton assemblages can be supported by nitrogen recycling and point to our need to understand how interactions between phytoplankton and their grazers affect nitrogen utilization.
Recent determinations of phyt(Dplankton biomass (Dickson and Wheeler 1993) primary production, and estimated phytoplankton growth rates (Laws et al. 1987; Booth et al. 1988) indicate little variation between oligotrophic subtropical and nutrient-rich subarctic waters in the North Pacific Ocean despite a 6-fold gradient in inorganic nutrients (Martin et al. 1987) . Thus, we question the validity of the generalization that nitrogen uptake rates are related to the distribution ofmacronutrients. We suggest that the similarity of Chl a-specific N uptake rates over basinwide scales indicates that the size of the phytoplankton standing stock, rather than nitrogen limitation, has a major influence on uptake rates.
